Abstract-Shear wave imaging was evaluated for the in vivo assessment of myocardial biomechanical properties on ten open chest sheep. The use of dedicated ultrasonic sequences implemented on a very high frame rate ultrasonic scanner ( 5000 frames per second) enables the estimation of the quantitative shear modulus of myocardium several times during one cardiac cycle. A 128 element probe remotely generates a shear wave thanks to the radiation force induced by a focused ultrasonic burst. The resulting shear wave propagation is tracked using the same probe by cross-correlating successive ultrasonic images acquired at a very high frame rate. The shear wave speed estimated at each location in the ultrasonic image gives access to the local myocardial stiffness (shear modulus ). The technique was found to be reproducible (standard deviation 3%) and able to estimate both systolic and diastolic stiffness on each sheep (respectively dias 2 kPa and syst 30 kPa). Moreover, the ability of the proposed method to polarize the shear wave generation and propagation along a chosen axis permits the study the local elastic anisotropy of myocardial muscle. As expected, myocardial elastic anisotropy is found to vary with muscle depth. The real time capabilities and potential of Shear Wave Imaging using ultrafast scanners for cardiac applications is finally illustrated by studying the dynamics of this fractional anisotropy during the cardiac cycle.
I. INTRODUCTION
T HANKS to the continuous improvement of ultrasound scanners' capabilities, echocardiography has become a powerful tool for the diagnosis of many cardiovascular diseases. For years, conventional B-mode, color flow imaging, and spectral Doppler have been the imaging modalities used by cardiologists in daily routine as well as in emergency practice because it provides a very rapid diagnosis in many clinical cases. Ischemic regions, cardiac hypertrophy, and mitral regurgitation can be diagnosed for instance by imaging the morphological dynamics of the beating heart with B-mode and color flow modes [1] . Ultrasound scanners can also provide estimations of the global cardiac function such as cardiac output, derived from the measure of diastolic and systolic ventricular volume [1] . More recently, the development of tissue Doppler imaging and echo tracking algorithms gave access to the quantitative estimation of heart wall motions: radial, circumferential and longitudinal velocities, strain and strain rate can be measured. Coupled with the high frame rate of ultrasound imaging ( 100 Hz), tissue motion (velocities, strain, etc.) can be mapped on a large region over time. The concept of strain has been shown useful to compare the myocardial function of different regions, by measuring relative amplitude of strain or strain rate [2] , [3] . For instance, a noncontracting ischemic regions will exhibit lower strain than a healthy region [4] . However, the concept of myocardial strain is not suitable for the quantitative assessment of myocardial stiffness due to the fact stress field remains unknown within the cardiac wall. In the past 10 years, the potential of acquiring ultrasound images at ultrafast frame rates (typically 2000 frames per second) in a clinical environment was demonstrated in the context of multiwave imaging [5] . Kanai et al. have noninvasively imaged in the human heart the propagation of low frequency mechanical waves ( 100 Hz) along the septum caused by the closure of cardiac valves. These waves have centimetric wavelengths (larger than the wall thickness) and have been shown to be guided by the wall and to behave as Lamb waves [6] . Another approach consists in generating the transient vibration by the acoustic radiation force induced at the focus of an ultrasound beam transmitted by a conventional ultrasound probe as proposed by Sarvazyan et al. [7] . Acoustic radiation force induces remotely and locally a displacement of biological tissues inside the focal zone (typical focal spot size: 1 mm ). By measuring the mechanical response to such an excitation, it is possible to derive visco-elastic parameters of the sonicated region: the elastic response to this mechanical excitation can be observed at the focus of the beam in order to derive an estimation of the elasticity at this location, as proposed in the ARFI technique [8] . ARFI has been applied in vivo on many organs including the beating heart [9] . As the amplitude of the force induced at the focus cannot be predicted, it is only possible to obtain displacements map by repeating the pushing 0278-0062/$26.00 © 2010 IEEE beam at every locations in the region of interest. Moreover, this approach provides a map of local strain, which limits its quantitative capabilities for myocardial stiffness estimation.
The approach proposed in this paper consists of imaging the propagation of the shear wave generated by the local perturbation induced by the radiation force of a focused ultrasonic beam: the shear modulus is then derived from the measure of the shear wave propagation speed, based on the following intrinsic relationship between the shear modulus and the propagation speed (1) where is the local density (almost constant in soft tissues kg/m ). This concept of shear wave imaging based on the use of the ultrasonic radiation force has been proposed by Sarvazyan et al. [7] . The proof of concept was done in the ultrasound community by Bercoff et al. thanks to the development of ultrafast scanners [10] , [11] . The combination of ultrafast ultrasound scanners and ultrasonic remote palpation led to the so-called "SuperSonic Shear Imaging" (SSI) method. Contrary to ARFI, here the elasticity is not estimated in the region of excitation but at all the locations reached by the shear wave (typically the shear wave propagates over 1 cm before it vanishes): elasticity is mapped in a region of typically 1 cm wide for each transmitted pushing beam. The propagation of this vibration through the medium (shear wave) is imaged at a very high frame rate (up to 20 000 frames/s) allowing the measurement of the wave propagation speed, which is proportional to the square root of the elastic shear modulus of the medium according to (1) . This technique has been successfully applied in vivo in breast [12] , thyroid, liver [13] , muscle [14] , [15] , cornea [16] , and kidneys to map elasticity, improving the diagnosis of various pathologies (tumor, cyst, fibrosis, etc.). The technical feasibility has been also shown in arterial wall for assessing arterial stiffness in real time [17] . The goal of this paper is to demonstrate that this imaging technique can also estimate in vivo myocardial elasticity at the different stages of a single cardiac cycle. Measuring quantitatively and noninvasively the diastolic and the systolic elasticity could be a new way of characterizing cardiac diastolic and systolic functions and assessing parameters such as myocardial contractility.
Parallel to ARFI, Bouchard et al. has recently reported the feasibility of inducing and imaging shear wave propagation in the heart wall [18] . They used "multiple ARFI excitations which are tracked at four distinct lateral locations simultaneously through parallel-receive beamforming," leading to a 20 ms total acquisition time. Using this acquisition scheme, they could correctly measured shear wave speed only in mid-diastole.
In this paper, we propose to image at high frame rate shear waves of higher frequency (100-1000 Hz): transient micrometric mechanical vibrations (with typical amplitude of 10 m at the focus of the ultrasonic beam) are remotely induced in the region of interest and the resulting tissue motions are imaged to derive the tissue's elasticity based on the derivation of shear wave propagation speed. Generated shear waves propagate typically over a few centimeters (propagation time ms) before their amplitude decreases below the minimal detectable tissue displacement ( m). Wave propagation may be affected by boundary conditions at the wall interfaces. These effects may become important when the distance to the interface is less than the wavelength and when shear wave propagates over a distance which is comparable to the wall thickness, allowing multiply reflected waves to interfere (root cause of guiding effect). Mechanical waves imaged by Kanai et al., which have centimetric wavelength, propagate over several centimeters and were shown to be guided waves, whereas the induced shear waves have millimetric wavelengths, propagate over a few millimeters and therefore are not guided by myocardial wall boundaries (excepted in the first millimeters of each side of the myocardial wall) but their propagation is sensitive to myocardial anisotropy, as shown in this paper.
The SSI method is applied in vivo on 10 sheep open chest sheep with a linear probe positioned directly on the epicardium at a repetition rate up to 50 Hz: each acquisition covers an entire cardiac cycle and consists in generating and imaging at ultrafast frame rate a single shear wave in the cardiac muscle. Each shear wave propagates typically over 1 cm before it vanishes. Consequently, the elasticity measurement location is 1 cm wide on each side of the pushing beam generating shear wave propagation. The typical size of the region investigated by the linear probe at each acquisition is 2 cm wide and the myocardium is imaged over its whole thickness. The propagation speed of each generated shear wave is derived from the acquisition of backscattered ultrasonic echoes acquired at an ultrafast frame rate (up to 12 000 frames/s). As the shear wave speed in biological tissues is at least 1 m/s, it takes no more than 10 ms to the shear wave to propagates over 1 cm: the elasticity is here considered to remain constant over the acquisition time necessary to obtain a shear wave speed estimate (4-10 ms).
The reproducibility of the measure is also investigated. The dependence of the elasticity with the depth and probe orientation is studied in vivo and ex vivo. Because the heart wall is composed of different myocardial layers which anisotropy is varying with depth [19] , the elastic properties are expected to be anisotropic and inhomogeneous inside the thickness of the wall. Finally, the impact of a local decrease of myocardial contractility is also studied by monitoring the elasticity before and after inducing a local ischemia.
II. MATERIALS AND METHODS

A. Experimental Setup
This study was conducted with the approval of the Animal Care and Use Committee of the "Ecole de Chirurgie, Assistance Publique-Hôpitaux de Paris." A total of 10 sheep are imaged in this study with a 128 channels ultrasound system (prototype system, Supersonic Imagine, France). The animals are anesthetized with thiopentothal (0.5 ml/kg), intubated and ventilated at 15 ml/kg with 2% isofluorane and oxygen. The carotid pressure was monitored thanks to the implantation of a pressure catheter. An anterolateral thoracotomy is then operated to provide a direct exposure of the left ventricle and the apex is slightly %, elevation focus 28 mm, Vermon, France) is placed directly in contact with the epicardium of the left ventricle to perform shear wave elastography (described later in the material and methods part) as well as conventional anatomical ultrasound images. The shear modulus is measured up to 20 times per cardiac cycle to provide a set of myocardial elasticity estimations during diastolic and systolic phases in the following conditions.
• In resting conditions, the heart is scanned in the two main imaging planes (short and long axis as shown on Fig. 1 and the shear modulus is estimated in these two scanning planes within the same region of interest by manually rotating the probe).
• The short term effect of ischemia on the myocardial elasticity is studied by a 20 min ligation of the left anterior descending coronary artery. The stiffness is monitored before, during and after the ligature using shear wave imaging in both the ischemic region and in a control region on the anterior wall near the base. Pairwise comparisons within groups were made with Student's t-tests to assess whether or not the change observed in myocardial stiffness were significant in diastole and in systole.
After the in vivo procedure, the animals are euthanized. The whole heart is collected and placed in a saline solution (sodium chloride 0.9%) to perform in the following hours ex vivo investigations of the influence of the scanning direction. For this ex vivo experiment, the ventricles were filled with a saline solution to avoid strong reflections of ultrasound waves at the endocardium.
B. Data Acquisition
SuperSonic Shear Imaging was described in details in [10] and [20] . A shear wave is induced using the acoustic radiation force and the propagation of this wave is followed using an ultrafast ultrasound imaging sequence based on plane wave transmits. A single conventional ultrasound transducer is used both to induce the acoustic radiation force (pushing beam sequence) and to acquire backscattering images at an ultrafast frame rate. To induce a large plane shear wave front, three pushing beams at increasing depths are transmitted [11] . The pushing beam foci are adjusted to obtain an equal distance ( mm) between each consecutive push focus and between the first/last push and the epicardial/endocardial wall. The displacements induced by the radiation force are parallel to the beam and the shear wave propagates orthogonally to the beam. After the pushing beams, the propagation of the shear wave is imaged at a very high frame rate (12 000 frames/s). This is done by transmitting a single full-aperture and quasi-plane ultrasonic wave transmit. With only one firing, the frame rate equals the pulse repetition frequency (PRF) than can be as high as 20 000 frames/s depending on the imaging depth and the transducer aperture. In our case, the frame rate was fixed at 12 000 Hz. Experimentally, an acquisition of the shear wave propagation can be performed in less than 10 ms. Thus, the local and quantitative stiffness of the cardiac muscle could theoretically be performed up to 100 times/s. Nevertheless, due to technical limitations such as probe heating, safety considerations (acoustic power limitation for regulatory issues), and memory size on the ultrasound acquisition boards, the actual maximal elasticity frame rate is below this theoretical maximal frame rate. As illustrated on Fig. 2 , the elastography sequence is here repeated up to 20 times with a fixed and constant repetition time between two consecutive acquisitions (20-100 ms). The shear wave propagation is imaged during the first 10 ms following the shear wave generation (120 frames). The repetition time is adjusted with respect to the heart rate: the complete sequence covers at least a full cardiac cycle. In addition, a trigger signal is generated by the ultrasound scanner at the beginning of each pushing beam. This signal is recorded simultaneously to the ECG using a dedicated acquisition board with multiple synchronous acquisition channels (g.USBamp, gtec, Austria).
C. Data Processing
Stiffness estimations are obtained based on (1) by measuring propagation speed of generated shear waves. In biological soft tissues, the shear modulus is very small compared to the bulk modulus:
, leading for an isotropic and homogeneous medium to the equation relating the stiffness (Young's Modulus) to the shear modulus (2) In the case of organs such as liver or brain, tissues can be considered to be isotropic and the knowledge of the shear modulus gives a direct access to the Young's modulus using (2) . In many other tissues such as muscles, tissues cannot be considered as isotropic [15] . In that case, only (1) holds and the relationship between and becomes much more complex. This is the reason why only the shear modulus will be reported here, as the cardiac muscle is strongly anisotropic.
The shear wave speed estimations are obtained offline by processing the raw data (per channel signal of backscattered echoes of the transmitted plane waves).
1) Raw data are beamformed to obtain a stack of demodulated images (phase and amplitude decomposition). This stack of images is processed using a per-pixel frame to frame 1-D cross-correlation on demodulated images with an axial kernel size of three pixels (0.6 mm) to obtain images of tissue vertical frame-to-frame displacements or velocities (see Fig. 3 )
2) For each pixel, the velocity offset caused by the heart motion is substracted (average tissue velocity over the duration of the 10 ms acquisition) to keep only the contribution of the shear wave to the Doppler signal. 3) A depth of interest inside the heart wall is chosen on the anatomic image. In this study, the depth of interest was the midwall region of the myocardium unless specified. Tissue particle velocities are first averaged over the depth inside a region of interest of 20 mm lateral, 2 mm depth dimensions to increase SNR (see Fig. 3 for a typical example) . It results in a 2-D matrix of tissues particle velocity as a function of the time and the lateral position (Fig. 4) . This matrix is compared to theoretical propagation matrices evaluated for different propagation speeds (from 0.1 to 10 m/s by step of 0.05 m/s) in order to find the actual propagation speed that better fits to the experimental data in terms of maximizing the inter-correlation coefficient (4), (5) (3a) (3b) (4) (5) is a theoretical matrix representing a plane wave propagation in one direction with a phase velocity at a frequency . The frequency is fixed by computing the central frequency of the experimental signal. The typical central frequency of the generated shear wave is around 100-400 Hz and the frequency bandwidth enables to catch information on frequencies up to typically 1000 Hz.
is an apodization window chosen to limit the spatiotemporal extension of the theoretical solution: it takes into account that the shear wave source is located at and has a temporal extension of , which is determined for each acquisition. One can notice that the actual number of frames used to estimate the shear wave speed is automatically adapted (the number of frames decreases when tested values of speed increase).
III. RESULTS
A. Quantitative Estimation of Elasticity Dynamics in a Single Cardiac Cycle Acquisition
The dynamic elastography sequence detailed in the previous section is applied in vivo on each animal. Fig. 4 is an illustration of the acquired tissue displacements caused by the shear wave propagation as a function of time at a given depth inside the heart wall. The slope in this representation is the average shear wave speed estimated during a single acquisition (3-10 ms of propagation time depending on the shear wave speed). This acquisition is repeated several times during the cardiac cycle providing an estimate of the shear wave speed several times per cardiac cycle.
On Fig. 5, 15 acquisitions of 4 ms have been represented and two consecutive acquisitions are separated by 45 ms meaning the tissue velocities are not imaged continuously but only for 4 ms after each pushing beam. As shown on Fig. 5(b) , the heart motion is almost constant during each acquisition and can be filtered simply by removing the continuous component, as shown on Fig. 5(c) . On Fig. 5(c) , the change in shear wave speed is illustrated by the two lines (gray for systole and white for diastole) which slopes are the shear wave speed. Also, one can notice that as tissues are stiffer during highly varying phase of the cardiac cycle, the propagation time is smaller during systole than diastole, meaning that the shear wave speed is estimated over a shorter period of time in systole ( ms). On Fig. 6 , shear wave amplitude is represented versus the propagation distance in diastole and systole. These amplitudes correspond to frame-to-frame displacements (or particle velocity) and are normalized separately for systole and diastole. Typically, shear wave generated in diastole have maximal particular velocities of 10 mm/s whereas shear wave generated in systole have typical particular velocities of 3 mm/s, as the tissues become stiffer.
According to the acquisitions made on the 10 animals imaged during the study, the time variation of the shear modulus can be described as following.
• Diastole: In most part of the diastolic phase, the myocardium is soft, and the shear modulus is taking its minimal value. We define this minimum as the "diastolic stiffness." A small increase of the stiffness is observed before the QRS wave due to the filling of the ventricle corresponding to a slight increase of the pressure.
• Early systole or isovolumic contraction: The shear modulus is increasing strongly and rapidly (up to 10 times the diastolic stiffness) due to the contraction of myocardium. Fig. 2 ). Because the ultrafast imaging is used only every 45 ms for only 4 ms, the motion is not estimated continuously. The change in shear wave speed is strong between systole: acquisition 5 (3) to 10 (¤) and diastole. • Systole: The myocardium is fully contracted as the shear modulus reaches it maximum value (we define this value as the "systolic stiffness") and starts decreasing slightly until the end of systole.
• Beginning of diastole and isovolumic relaxation: After the T-wave marking the beginning of diastole, the time variation of shear modulus takes a different shape: the decrease in shear modulus is maximal during the isovolumic relaxation and quasi zero at P-wave. This variation of myocardial stiffness is shown on Fig. 7 , which represents 2-D stiffness maps achieved in a small region (20 30 mm) around the pushing locations for each of the 15 acquisitions performed within one cardiac cycle. Fig. 8 shows the temporal variation in the midwall region for successive acquisitions of the same region. The absolute value of shear wave speed averaged over the animals, measured in the midwall in both long and short axis views are presented in Table I .
In order to compare the temporal registration of the myocardial stiffness variation of for different animals, the shear wave speed was normalized between 0 and 1 using the normalized variable defined as (6) where and are the minimal and maximal shear wave speed values during a complete cardiac cycle. The time variable was also scaled between 0 and 1 while normalizing by the heart rate of each animal. As the acquisition was not ECG-gated, the time origin is different for each acquisition. The time axis was shifted for each acquisition to have the same origin , which is taken at the R-wave. On Fig. 9 , the normalized shear wave speed is plotted versus normalized time for different animals with different heart rates (70-130 bpm). The shear wave Fig. 9 . Normalized group velocities: for N = 6 sheep, the group velocity is normalized (0 = diastolic group velocity, 1 = systolic group velocity). The time axis is normalized by the heart rate (HR), and the time origin is taken at the P wave. The heart rates of the different animals varied between 70 and 130 bpm (average value: 106 bpm).
speed is normalized to extend between 0 and 1 similarly to shear normalized modulus.
B. Short-Term Impact of a Local Ischemia
A regional ischemia of the myocardium was achieved by ligation of the left anterior descending artery on one animal. The ischemic region was clearly identified after the ligation by a change in the color of the tissue (initially red and turning to blue/white) and the probe was placed on this region. In the ischemic region, the diastolic stiffness was found to be unchanged Fig. 10 . Shear wave group velocity in long axis (blue) and short axis (red) in diastole (top) and systole (bottom). In dashed line, the fractional anisotropy as a function of the normalized depth is also represented. The overall anisotropy is higher in systole than in diastole.
after the ligature and the systolic stiffness was found to decrease significantly. Prior to the procedure, the average shear wave speed was found to be m/s in diastole and m/s in systole. After the ligation, a significant decrease of the systolic shear wave speed value is observed ( m/s, -value ). In diastole, no significant change of the shear wave speed m/s, -value ) was observed.
C. Toward Transmural Anisotropy Imaging of Mechanical Properties in the Myocardium
A significant difference is observed in vivo in the estimated shear wave speed depending on the probe orientation as presented in Section I. This discrepancy of shear wave speed between the two investigated scanning directions was also found to be depth dependent. Using the same set of raw data acquired during a single cardiac cycle, it is possible to study the change of the shear wave speed (and consequently stiffness) with depth. To study the dependence of the shear wave speed with the fibers orientation, the probe was rotated to obtain different angles between the ultrasonic array and the myocardial fibers. Fig. 10 shows the shear wave speed in short and long axis orientations as a function of the depth.
To estimate the degree of anisotropy, the fractional anisotropy (FA) of shear wave speed defined below was derived from the shear wave speed measured in long and short axis (7) and are, respectively, the shear wave speed measured in short axis and in long axis.
As shown in Figs. 10 and 11, a strong variation of shear wave speed across the wall thickness is observed in both long and short axis. In a first region (region 1 on Fig. 10 ) lying from epicardium to midwall, fractional anisotropy increases strongly in systole and is moderate in diastole, whereas in the other half of the wall (region 2 on Fig. 10 , from midwall to epicardium), the fractional anisotropy is not increasing in systole.
For the in vivo experiments, the probe orientation was taken either in short or long axis. This angular dependence was also investigated with a smaller angular ex vivo on freshly explanted hearts. Different values of the probe angle with a 10 angular pitch between the short axis and the long axis orientations were tested. The shear wave speed variation with depth and probe angle was investigated. Fig. 10 is a representation of shear wave speed dependence with the probe orientation and depth.
IV. DISCUSSION
In this paper, shear wave elastography was performed at a high repetition rate (up to one elastography sequence every 20 ms) in order to obtain a quantitative estimation of the myocardial stiffness variations in the left ventricle of anesthetized sheep during a single cardiac cycle.
First, we demonstrated the technical feasibility of real time imaging shear wave propagation in the myocardium using ultrafast tissue Doppler images over the whole cardiac cycle even during isovolumic contraction and relaxation phases, where the acceleration of the myocardium is maximal. This was achieved thanks to a very high imaging frame rate (12 000 frames/s) that enables to discriminate displacements induced by the shear wave propagation from natural heart motion. Secondly, we demonstrated the feasibility of measuring the myocardial stiffness all over the cardiac cycle with a very good reproducibility in systole and diastole: 3% standard deviation on the shear wave speed ( cardiac cycles) and high temporal resolution (one measurement every 20 ms). Such a high temporal resolution gives access to a precise determination of the myocardial stiffness variation during the cardiac cycle from which both systolic and diastolic myocardial stiffness's are derived (shear modulus in kPa). Myocardial stiffness was measured on 10 sheep, and the average shear modulus values were established with low variability in diastole both using long and short axis orientation. The variability of shear wave speed between animals was found to be higher in systole (30% standard deviation in short axis) than in diastole (11% standard deviation in short axis).
Thanks to its quantitative capability, this technique offers new possibilities for the characterization of myocardium biomechanics. As stiffness is an intrinsic property of tissue, this technique may have important added value in clinical environment for the regional assessment of cardiac function. Fig. 11 . Variation of the shear wave group velocity with the probe angle and normalized depth (depth/thickness) in the myocardium. Data have been collected on a freshly explanted heart sample.
The influence of the probe orientation on the shear wave propagation speed was investigated in vivo: a strong discrepancy was found between the shear wave speed measured in long axis and in short axis, as shown in Table I . For each orientation, the reproducibility of the measure is very good when considering the fact that the probe orientation is obtained by hand. Both the in vivo and ex vivo study of the stiffness anisotropy clearly shows that sheep myocardial wall is composed of two main anisotropic regions with two different behaviors with probe orientation: a inner region extending from the endocardium to the midwall and the outer region extending from the midwall to the epicardium. As shown on Fig. 11 , the shear wave speed is higher for angles close to the short axis orientation than for angles close to the long axis orientation, when considering the external region of the myocardium (below 10 mm depth). When the inner region is considered, the shear wave speed is maximal between the two principal orientations. At a given depth, the variation of the group speed is attributed to the myocardial fibers orientation: the elastic constants tensor is anisotropic in cardiac muscle. Shear wave propagation in striated muscle (biceps brachia) has been investigated by Deffieux et al. [14] . First, they found a discrepancy of the group velocity depending on the propagation direction of the shear wave: the group velocity is much higher when the wave travels along the fibers than when it propagates orthogonally to the fibers direction. Second, they found shear waves to be very dispersive when propagating orthogonally to the fibers, and weakly dispersive (low shear viscosity) when propagating along the fibers. Making the assumption that these results can be extended to the cardiac muscle, the direction of the fibers at a given depth is given by the angle at which the group velocity reaches its maximum value. Results presented in Fig. 11 can be interpreted using this hypothesis and related to previous studies on sheep heart. Our results tend to show that in the outer region (region 1), the fibers are mainly oriented along the short axis and the group velocity is maximal for . In contrast, in the inner region (region 2), the maximal value of the group velocity is reached for . In the intermediate region, it is not possible to find a clear maximum of group velocity, probably as a consequence of the rapid variation of fiber orientation in this region. These ex vivo results are in good agreement with a previous study by Jiang et al. focused on the estimation of the degree of anisotropy and the fiber orientation in the myocardium in the sheep heart by using MR-diffusion tensor imaging [21] .
The depth and angle dependence of shear wave speed observed in vivo can also be explained using the same interpretation of fibers anisotropy. Indeed, in vivo results presented in Figs. 9 and 10 are consistent with the ex vivo results. First, the inner region (2) is made of fibers mostly oriented along the long axis, and the outer region (1) is made of fibers mainly oriented along the short axis. Second, the outer region is stiffer (higher group velocity value) that the inner region both during systole and diastole. It is in good agreement with the literature found on sheep heart: in the cited study by Jiang et al., the transmural heterogeneity of the fiber orientation was studied ex vivo in the sheep myocardium using MR diffusion tensor imaging. They also found the presence of two main distinct regions with a transition point at the midwall independently from the position between the apex and the base. Jiang et al. found a significant and almost constant fractional anisotropy of the diffusion tensor in the outer region (midwall to epicardium), and a linear decrease of the fractional anisotropy from the midwall to the endocardium. On Fig. 10 showing in vivo shear wave elastography acquisitions in long and short axis, the difference between the group velocity measured in long axis and short axis is decreasing from the midwall to the endocardium, which reflects the decrease in elasticity anisotropy and also corroborates what Jiang et al. found using MRI diffusion tensor imaging.
In this paper, we have proposed an ultrasound approach (shear wave elastography) to assess in real time the dynamics of myocardial mechanical properties. The myocardial stiffness was found to vary between two main states: in diastole, the myocardium was found to be soft whereas in end-systole myocardial stiffness was increased up to 10 folds.
In diastole, the myocardium can be seen as a passive material, whereas in systole, the whole ventricle is stiffening due to the active contraction of myocardial fibers. A major point is that this systolic stiffening mainly depends on the ability of the myocardial fibers to contract and this cardiac contractility is an important parameter for the characterization of heart systolic function in the field of cardiac pathologies diagnosis. Several global contractility indexes have been introduced for decades, such as the end-systolic elastance [22] or [23] , [24] . However, this technique does not provide regional information on myocardial function. Here, it has been shown that shear wave elastography is able to estimate the shear modulus within the left ventricle at any stage of the cardiac cycle and in particular when it reaches its maximal value at the end of the systolic event. This myocardial stiffness at the end of systolic event may be an important parameter for the evaluation of regional contractility and ongoing work is intended to confirm this hypothesis.
Finally, the results obtained during a local ischemia on the left ventricle are in agreement with this interpretation of the systolic shear modulus: the systolic stiffness decreased immediately ( 25%) after a coronary artery ligation which is expected to induce a decrease of the contractility of the fibers in this region. On the contrary, the diastolic stiffness remains constant after the artery ligation. This shows that diastolic stiffness is not changed during a short-term ischemia, which does not affect the passive tissue properties in diastole. To confirm all these findings, more investigations are required, such as a side-by-side comparison of systolic shear modulus acquired by shear wave elastography and contractility indexes derived by the acquisition of pressure-volume loops [25] . These investigations are out of the scope of this feasibility study. In addition with existing echocardiography techniques, shear wave elastography could improve the characterization of both the diastolic and systolic function in patients suffering from cardiomyopathy. Indeed, whereas the systolic stiffness is a local intrinsic parameter, which is related to local contractility, the diastolic stiffness is a key parameter of ventricle filling.
Noninvasive application of this method requires the use of an external cardiac phased array or a trans-esophageal probe, increasing the imaging depth, that is to say, decreasing the frame rate to a value close to 5000 frames/s. Nevertheless, the ultrasound frequency decreases roughly by the same factor, which means that the maximal velocity detectable before aliasing is preserved. In addition, the minimal (diastolic) and maximal (systolic) stiffness are not reached during high motion phases (isovolumic phases). The maximal stiffness is reached before the closure of the aortic valve, as shown on Fig. 8 : the maximum of elasticity is reached before T-wave on the ECG signal, whereas the aortic valve closes after the T-wave: the myocardial fibers relaxation starts before the end of systole.
The safety of the technique has not been investigated experimentally in this study because the transducer used in this study was a linear high-frequency transducer, which is not suitable for transthoracic cardiac imaging. Nevertheless, the safety issues have to be discussed. The principal acoustic indexes to be investigated are the mechanical index (MI) and the intensity spatial peak time average . MI should not be a limitation as compared to conventional modes (PW, color Doppler, B-mode), because it only depends on the frequency and the maximal acoustic intensity (in time and space) that are similar to conventional modes. For a continuous imaging of a region, the limitation could be an issue because the pushing beam is applied at the same location several times per second. As a pushing beam contributes typically for 100-200 mW/cm to the , it is possible to repeat a maximum of 3-7 pushing beams per second to follow FDA recommendations. To increase the number of pushing beams per second, without increasing the , the focus of the beam could be slightly shifted laterally to address different positions over a cardiac cycle. For continuous scanning, an ECG-gated mode could also be of interest: the acquisition can be triggered one time per heart beat with a constant time delay with the R-wave to map myocardial stiffness only in systole or in diastole.
V. CONCLUSION
Shear wave imaging was evaluated for in vivo assessment of myocardial biomechanical properties on ten open chest sheep. Beyond previous studies conducted on passive organs such as breast, liver, or cornea, shear wave imaging based on short acquisition time (4-10 ms) has been performed at a high frame rate (15 times in a cardiac cycle). Within such a small acquisition time, mechanical properties of the myocardium are almost constant: shear wave elastography can give access to the instantaneous stiffness of the investigated myocardial region at any stage of the cardiac cycle. The combination of high spatial and temporal resolution of the technique permits a complete analysis of myocardial stiffness: for any depth within the myocardial wall, the stiffness can be estimated during the cardiac cycle and exhibits two distinct muscle regions with different dynamic behavior during the cardiac cycle. The technique was found to be reproducible (standard deviation %) and able to estimate both systolic and diastolic stiffness on each sheep (respectively kPa and kPa). Finally, the ability of the proposed method to polarize the shear wave generation and propagation along chosen axis permits to study the local elastic anisotropy of myocardial muscle. As expected, myocardial elastic anisotropy is found to vary along muscle depth. The real time capabilities and potential of Shear Wave Imaging using ultrafast scanners for cardiac applications is finally illustrated by studying the dynamics of this fractional anisotropy during the cardiac cycle.
